Abstract The genome of Xanthomonas citri subsp. Citri strain 306 pathotype A (Xac) was completely sequenced more than 10 years; to date, few studies involving functional genomics Xac and its host compatible have been developed, specially related to adaptive events that allow the survival of Xac within the plant. Proteomic analysis of Xac showed that the processes of chemotactic signal transduction and phosphate metabolism are key adaptive strategies during the interaction of a pathogenic bacterium with its plant host. The results also indicate the importance of a group of proteins that may not be directly related to the classical virulence factors, but that are likely fundamental to the success of the initial stages of the infection, such as methyl-accepting chemotaxis protein (Mcp) and phosphate specific transport (Pst). Furthermore, the analysis of the mutant of the gene pstB which codifies to an ABC phosphate transporter subunit revealed a complete absence of citrus canker symptoms when inoculated in compatible hosts. We also conducted an in silico analysis which established the possible network of genes regulated by two-component systems PhoPQ and PhoBR (related to phosphate metabolism), and possible transcriptional factor binding site (TFBS) motifs of regulatory proteins PhoB and PhoP, detaching high degree of conservation of PhoB TFBS in 84 genes of Xac genome. This is the first time that chemotaxis signal transduction and phosphate metabolism were therefore indicated to be fundamental to the process of colonization of plant tissue during the induction of disease associated with Xanthomonas genus bacteria.
Introduction
The mobility of bacteria is marked by spontaneous and active movements. This motility can be flagellum-dependent or independent. The dependent flagellum movement can occur in liquid medium (swimming) or across a surface (swarming) Leandro Marcio Moreira and Agda Paula Facincani contributed equally to this work.
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The online version of this article (doi:10.1007/s10142-014-0414-z) contains supplementary material, which is available to authorized users. (Kearns 2010) . The flagellum-independent movements can occur for expansion and retraction of the pilus (twitching) or mediated by a set of cytoplasmic proteins with specialized function, focal-adhesion complexes (gliding) (Kearns 2010) . Furthermore, the expansion of the bacterial growth in itself can be considered mechanism motility (by spreading growth) (Agusti et al. 2008) .
Among all these known mechanisms of motility, swimming displacement type has been most widely studied in bacteria. This phenomenon is known as the fundamental basis of the process known as chemotaxis (Lux and Shi 2004) . During the events, chemotactic bacteria can move toward a concentration gradient in the presence of a chemoattractant, or contrary to this gradient in the presence of a chemorepellent (Eisenbach 1996) . In both cases, the movement apparatus depends on a complex intracellular signaling resulting in the activation of the mechanical flagellar apparatus. These chemotactic processes are characterized as an early and elementary event in most events of interaction between pathogens and hosts (Olsen et al. 2013; Gerardo et al. 2006; Verstraeten et al. 2008 ). In the case of pathogens, chemotaxis in the aqueous medium and toward a concentration gradient is due to root exudates or eliminated through natural openings and lesions in plant tissues (Gerardo et al. 2006) . In general, these exudates are comprised of carbohydrates, amino acids, dicarboxylic acids, or even phenolic compounds and have been well studied in the bacteria of the genera Agrobacterium and Rhizobium (Broek and Vanderleyden 1995) .
Already, swarming shift type has gained prominence because it is directly related to the formation of bacterial biofilms (Harshey 2003) . The formation of this biofilm depends on the increase in the bacterial density in a particular location, and this event is indicated by quorum sensing (Nadell et al. 2008) . Within this biofilm, bacteria are better protected against biotic and abiotic factors. In addition to allowing a shared metabolism to occur between bacteria (Branda et al. 2005 ). In the case of pathogens, the regions where mature bacterial biofilm settle allow the bacteria to maintain direct interactions with host plants, secreting proteins (effectors and TAL proteins) and enzyme (cell wall-degrading enzymes) that trigger a variety of physiological responses to these plants (Merritt et al. 2007; Antunez-Lamas et al. 2009 ). These responses may lead to the induction of virulence in compatible hosts or hypersensitivity responses in incompatible hosts (Chagnot et al. 2013) .
The phytobacteria have a continuous monitoring of these physiological changes to adapt to adverse conditions arising from the plant defense response during these events to interact with their respective host (Wang et al. 2007 ). Increased production of reactive oxygen species and phenolic compounds or even an induction of variation in nutrient concentrations are examples of these defense mechanisms (Torres et al. 2006; Peters and Verma 1990; Berger et al. 2007) . Given this response to attack plant, microorganisms co-evolved in order to create mechanisms allowing successful counterattack in colonization and spread within plants.
One of the factors that interfere directly in biofilm formation is the availability of phosphate, inorganic phosphate (Pi), (Bains et al. 2012; Xu et al. 2012) . Meanwhile, the supply of available P in the medium has been described as one of the factors that influence the complex process of induction of bacterial virulence (Lamarche et al. 2008) . Thus, specialized mechanisms to identify changes in the concentration of this compound contribute to a rapid physiological response that increases the possibility of these bacteria to survive under stress conditions (Lamarche et al. 2008 ). This response is mediated by two-component systems, in this case PhoBR and PhoPQ, which consequently may or may not activate the expression of multiprotein complexes that allow the internalization of this key compound for the maintenance and growth of the pathogen (Danhorn et al. 2004; Gristwood et al. 2009 ).
In order to determine which proteins or multiprotein systems would be related to adaptation and colonization of plant tissue during the early stages of the infectious process, we performed a comparative analysis of the Xanthomonas citri subsp. citri (Xac) proteome in four conditions. Xac grown in XAM1 medium by 24 h and Xac grown inside the compatible host Citrus sinensis, 3 and 5 days after inoculation (3 and 5 DAI), were compared to Xac grown under noninfectious conditions (NB medium), the control proteome. These allowed the characterization of proteins classically related to Xanthomonas virulence, such as T3SS, T4p, and biofilm formation (Facincani et al. 2013) , but also underscored a set of proteins that are linked to Xac adaptation inside the plant. This paper describes for the first time how the chemotaxis and phosphate uptake systems appear to be fundamental to the processes of adaptation and colonization at plant tissues by Xac, reinforced by the description of a new mutant associated with phosphate uptake system (XacΔpstB) which showed a complete absence of symptoms once inoculated in C. sinensis and Citrus limonia.
Materials and methods

Bacteria and culture conditions
The Xac strain 306 pathotype A (da Silva et al. 2002) was grown at 28°C in Nutrient Broth (Difco™ NB-5 g/L peptone and 3 g/L meat extract) (Soares et al. 2010 ) and XAM1 medium (7.4 mM (NH 4 ) 2 SO 4 , 16 mM KH 2 PO 4 , 30 mM, K 2 HPO 4 , 1.6 mM sodium citrate, 10 mM fructose, 10 mM sucrose, 1 mg/mL BSA, pH 5.4) which is a version of the inducing medium XVM2 (Wengelnik et al. 1996) . Cultures grown in NB or XAM1 were incubated with shaking at 200 rpm for 16 and 24 h, respectively. The cells were collected when they reached an optical density (OD 600 ) that corresponded to the log phase 1.0 and 0.57, respectively.
Mutant randomly generated by insertion of transposon
A random transposon library of strain 306 was generated by the random insertion of the EZ::Tn5 KAN-2 transposon using Tnp Transposome Kit™ (Epicentre, Madison, WI, USA) according to Laia et al. (2009) . Mutants with altered virulence relative to that of the wild-type strain were verified using PCR and a Southern blot analysis (Laia et al. 2009 ). To map the transposon insertion site in each mutant, two independent sequencing reactions were performed using the BigDye Terminator v3.0 Sequencing Kit™ (Applied Biosystems, Foster City, CA, USA) and the oligonucleotides KAN-2 FP-1 or KAN-2 RP-1™ (Epicentre Technologies).
Plant inoculation and bacterial recovery from inoculated leaves
The host plants, C. sinensis L. Osbeck and C. limonia Osbeck, were grown in a greenhouse for 4-6 months. The Xac inoculum was prepared by growing the bacteria in NB medium at 28°C for 16 h to obtain a sufficient cellular mass, approximately 10 8 CFU/mL (Soares et al. 2010) . The suspension was then used to infiltrate 50 young leaves (abaxial face) using a syringe to inject directly into the apoplastic. The citrus leaves were excised from the plants 3 and 5 days after inoculation (3 and 5 DAI), rinsed with alcohol, sliced into small pieces, and maintained for 20 min under agitation in a sterile glass Becker containing 400 mL of cold distilled water (4°C). The exudate was centrifuged at 10,000×g for 10 min at 4°C, and the pellet was used for protein extraction.
Preparation of protein samples for proteomic analysis
Proteomic analysis was carried out in two independent experiments for each condition (biological replicate). The proteins were extracted with phenol as described in detail by Soares et al. (2010) and Facincani et al. (2013) . The proteins were precipitated with five volumes of 0.1 M ammonium acetate in methanol, and the precipitate was washed once with 80 % acetone. The protein concentrations were estimated using the Bradford method (Bio-Rad, Hercules, CA, USA). The protein extract containing 1 mg of protein was reduced, alkylated, and digested with trypsin for LC-MS/MS analysis. The proteins were denatured by adding 50 μL of buffer (8 M urea and 25 mM NH4HCO3, pH 8.0), reduced with 10 mM DTT at 37°C for 1 h, and alkylated with 50 mM iodoacetamide during 30 min at room temperature, in the dark. The urea concentration was reduced to 1 M by dilution. A 20-μg sample of trypsin (Promega, modified sequencing grade)
(1:50) was added to digest the proteins at 37°C overnight. Neat formic acid was added to stop the digestion.
Proteomic analysis
The tryptic peptides were fractionated using strong cation exchange chromatography. The column was washed with buffer A (25 mM NH 4 HCO 3 , pH 3.0), and the peptides were eluted with buffer B (25 mM NH 4 HCO 3 , 500 mM KCl, pH 3.0) at a flow rate of 1 mL/min. Buffer B concentrations of 10, 20, 25, and 30 % were used to displace fractions during strong cation exchange (SCX) chromatography. Approximately, 100 fractions were collected at 1-min intervals. The SCX fractions were loaded into a Waters CapLC™ system, and the digested proteins were desalted in-line using a Waters Opti-Pak C18 trap column. Sample injection volume was typically 10 μL, and the LC was performed using a NanoEase C18™ with a linear gradient (10 to 50 %) of acetonitrile containing 0.1 % formic acid. Electrospray tandem mass spectra were recorded using a Q-Tof quadrupole/orthogonal acceleration time of flight spectrometer interfaced with the CapLC TM capillary chromatograph.
Peptide database searching All data were processed using the ProteinLynx Global server (version 2.0, Waters). Proteins were identified by the correlation of tandem mass spectra and Xac strain 306 genome data bank file was downloaded from the NCBI (NC_003919.1) using the MASCOT™ software. One missed cleavage per peptide was allowed, and an initial mass tolerance of 0.05 Da was used in all searches. Cysteines were assumed to be carbamidomethylated, and the variable modification of methionine (oxidation) was allowed. The resulting fragment spectra were searched as described above with decoy database with a maximum estimated false discovery rate of 1 %.
Metabolic pathways, proteins domains, regulon, and TFBS determining
Metabolic pathways were obtained from the KEGG annotation database (Kanehisa and Goto 2000) . Methyl-accepting chemotaxis protein (MCP) domains were determined using the Pfam database (Bateman et al. 2000) . The PhoB/P regulons and PhoB/P transcriptional factor binding site (TFBS) motifs were determined using the PePPER tools (de Jong et al. 2012) .
Results
The comparative proteomic analysis of Xac during infection produced a broad picture of the cellular functions that were altered in each condition. In addition, some of the results deriving from this study have been already published, but with the main focus directed at proteins involved directly with pathogenicity and virulence (Facincani et al. 2013) . Take into account this context, we emphasize the systems and protein complexes that have turned out to be important in the process of infection and adaptation into the plant such as chemotaxis and phosphate uptake system.
Chemotaxis and flagellar motility
We found a total of 37 proteins related to chemotaxis and flagellar motility in infectious conditions (45 % of the total proteins identified) ( Table 1 and additional file 1). Among them, 11 proteins related to flagellum structure were upregulated in infectious conditions. Of these, four proteins related to the flagellar motor switch: FliM (XAC1947), FliH (XAC1952), FliG (XAC1953), and FliF (XAC1954); four proteins are related to the flagellar hook: FliK (XAC1949), FlgD (XAC1984), FliL (XAC1948), and FlgE (XAC1983); one protein related to the distal rod, FlgG (XAC1981); one regulator of flagellar biosynthesis, FlhF (XAC1935); and one protein related to the flagellar filament, flagellin FliC (XAC1975).
Regarding the Mcp of Xac, the transmembrane sensor proteins involved with signal transduction, only 2 of the 21 proteins that are supposedly encoded by the respective genes that are annotated in the genome was detected/expressed in the NB medium extract (coded by genes XAC0611 and XAC2169) (Soares et al. 2010 ). In the inducing medium XAM1, no one of the proteins that are encoded by the mcp genes was detected/expressed. In contrast, only two of Xac Mcp proteins were not detected during infection at 3 or 5 DAI (coded by genes XAC1746 and XAC2169). This condition is shown as the detection of all of the copies of a putative tandem arrangement (Fig. 1a , over yellow background).
Of the proteins that are directly responsible for chemotactic transduction signal events (Che proteins), only CheB (proteinglutamate methylesterase, two-component system response regulator), CheR (chemotaxis protein methyltransferase), and CheW (purine-binding chemotaxis protein) were not detected in infectious conditions. CheA a two-component system, sensor kinase (XAC1903/1930), CheV a two-component system response regulator (XAC1987), CheR a methyltransferase two-component system, CheB/CheR fusion protein (XAC3730), CheY a two-component system response regulator (XAC1932), and CheZ a chemotaxis protein (XAC1931) were detected in 3 and 5 DAI (Fig. 1b) .
Phosphate uptake and metabolism
An analysis of the Xac proteome of the samples that were subjected to the three different conditions indicated that the proteins involved in the acquisition of inorganic phosphate (P i ) and polyphosphates (PolyP) are synthesized after the plant is inoculated, 3 and 5 DAI. In contrast, these proteins were not detected in the samples grown in culture media NB (Soares et al. 2010) (Fig. 2a) . Table 2 displays a set of proteins from the genome of Xac that are associated with phosphate uptake. In addition to the two-component systems phoRB and phoPQ genes, the Xac genome includes the operon that encode the phosphate-specific transport genes (pstSCAB), three putative alkaline phosphatases (phoA, phoA, and phoD), a predicted phosphate starvation-inducible proteins (phoH), a phosphate regulon transcriptional regulator (phoU), a phosphate-binding protein (phoX), and two polyphosphate-selective porin O proteins (oprO), beyond of exopolyphosphatase (ppx) and polyphosphate kinase (ppk). Xac has only one gene related to phosphonate uptake (XAC2383). The proteins coded by all these genes, except PstA, PstC, and PhoD and the protein related to phosphonate uptake, were detected during the process of infection.
XacΔpstB mutant
The introduction of a mutant pstB gene in Xac (XacΔpstB), which was randomly generated by inserting aEZ-Tn5 transposon, resulted in different symptoms in both C. sinensis and C. limonia. Significant reduction in water soaking, necrosis, and hyperplasia was specifically observed (Fig. 2b ). An analysis of the growth curves of the wild-type (WT) and mutant (XacΔpstB) strains after inoculation in planta clearly indicated that any differences in the bacterial concentrations that were obtained after the third day of inoculation were directly related to the characteristics of the observed phenotypes (Fig. 3) .
Pho regulons and Pho TFBSs
The analysis of the possible composition of the Xac Pho regulon using the PePPER tools (de Jong et al. 2012 ) enabled the identification of 24 genes that are expected to have PhoP binding sites (BS). Of these, 16 contained a regulatory region with similarity to the PhoP BS site of Escherichia coli strain K12 (Ec K12) and 8 contained regulatory regions with similarity to the PhoP BS of Bacillus subtilis strain 168 (Bs 168) ( Fig. 4a and additional file 2). Eleven proteins encoded by these genes, which display this putative PhoP BS, were detected in infectious conditions. Similar analysis involving PhoB BS of Ec K12 allowed finding 17 putative genes related to PhoB regulon. Of these, seven proteins coded by your respective genes were expressed in infectious conditions ( Fig. 4a and additional file 2) .
In another analysis having the same tool, we determined the degree of conservation of transcriptional factor binding sites (TFBSs) for the PhoP motif derived from Ec K12 and Bs 168 to the genome of Xac. We found 44 putative PhoP TFBS motifs, with average size of 17 nucleotides, related to 42 individual genes of the Xac genome, using as a reference sequence of the TFBS of Ec K12 (Fig. 4b) . The initial and terminal regions of this motif showed a higher degree of conservation, although not very significant. Using as a reference PhoP TFBS of Bs 168, 115 putative motifs related to 60 genes in Xac genome were found and presenting 31 nucleotides on average. Regardless of the fact that some positions of this motif exhibit high degree of conservation, maintenance of conservation as a whole did not have significance. Finally, we find 88 putative motifs associated with 84 distinct genes of Xac from the same analysis (using as reference PhoB Ec K12). These motifs have an average size of 16 nucleotides and a high degree of conservation. Thus, the analysis of these consensus sequences was used to determine the binding priority sites PhoB-DNA dimer (Fig. 4b) . 
Discussions
Chemotaxis and flagellar motility
The process of chemotaxis is directly related to the activation capacity of the machinery that is employed to the mobilitymediated regulation of flagellar movement. It is this coordinated flagellar movement that allows the organism to move toward a chemical attraction (counterclockwise) or in the opposite direction, i.e., away from the presence of a repellent, which results in constant tumbling (clockwise) (Berg 1991) . Thus, knowledge of the genes that are associated with the activation of this apparatus and the mechanism by which it is regulated (turned on and off) is important for inhibiting the spread of these organisms and the induction of pathology in their hosts. Furthermore, it was also reported that flagellum is important for the fixation of bacteria inside the plant since the induction of swarming events are followed by movements of quorum sensing that, consequently, culminates in biofilm formation, and emergence of citrus canker (Malamud et al. 2011) . How the machinery of bacterial flagella is highly conserved, all of the genes that are classically associated with the synthesis (fli/flh/flg), and regulation of flagellar activity (che) are present in Xac (da Silva et al. 2002) (Fig. 1) . However, for regulation to occur, the proteins that are in a position to internalize the signal must be present. The presence of these proteins is mediated by membrane proteins of the MCP family, whose main representatives into the Xac are the tsr genes, which are related to taxis to serine and repellents (Ames and Parkinson 1994) , based exclusively on genome annotation (da Silva et al. 2002) .
As previously described by Moreira et al. (2004) , Xac contains a large number of genes that encode Tsr proteins relative to other microorganisms (21), including 10 copies of these genes that are inserted in a tandem arrangement into a single region. This arrangement suggests that these genes come out of a series of gene duplication events. Fig. 2 Model of the regulation of the genes involved in phosphate uptake system and metabolism in Xac. a Possibly due to the presence of high concentrations of inorganic phosphate in the culture medium, the PhoBR regulatory proteins were suppressed or inhibited. This inhibition negatively regulated the synthesis of other proteins involved in the phoBR regulon. Possibly because of a lack of this compound, the opposite phenomenon occurred in the plant; specifically, the PhoBR protein was activated, which was accompanied by the expression of other proteins involved in the systems for the internalization and metabolism of these compounds. The genes indicated by black arrows correspond to the proteins represented in gray in the model, and the corresponding period of detection is shown in Table 1 . b The expression of the mutant pstB gene (ΔpstB) led a significant reduction in water soaking, necrosis, and hyperplasia in both Citrus sinensis and in
Citrus limonia
Additionally, according to the same authors, although there is a high degree of similarity among these genes, these gene copies are less homologous within the region that makes up the sensory domain, which is exposed to the periplasmic space and is responsible for recognizing different stimuli (Fig. 1a, b) . Given this divergence, this series of gene duplications may have resulted in gene specialization. This condition may make Xac more responsive to a wider variety of compounds within its natural environments, which may improve survival. This proposal had just corroborated by Mhedbi-Hajri et al. (2011) . Based on this perspective, an analysis of proteome data of Xac subjected to different growth conditions indicates that the expression of these proteins is quite diverse, especially when comparing the results of Xac grown in culture medium and in planta (Fig. 1) .
The comparative proteome data indicate that the expression of the Tsr/MCP proteins is enhanced when the bacterium is inoculated into the plant, which suggests the existence of a plant metabolite that play an important role in the induction of Xac chemotaxis or biofilm formation. Corroborating this hypothesis, it may be noted that sensory areas present on diversity in their compositions (Fig. 1a) . These structural differences may have become essential for intracellular signaling and activation of flagellar activity against a variety of compounds generated by the plant. This would carry out the process even more efficient colonization. Thus, understanding the process of adaptation of Xac in the moments prior to induction of virulence depends on knowledge of the factors that were leading to signal transduction mediated by the Che proteins, previously activated by MCP proteins that possess the histidine kinase domain in the portion cytosolic (Falke et al. 1997) .
The expression of genes involved in the synthesis and regulation of flagellar activity was specifically detected in infectious conditions at the same times that genes involved in synthesis of type IV pilus (Tfp), xanthan gum, and type III secretion system effector proteins (Facincani et al. 2013) . It is noteworthy that proteins related to regulation of pathogenicity factors (Rpf) and presenting GGDEF domain synthesize cyclic di-GMP, which is used in the intracellular signaling molecule in a wide variety of bacteria, have also been identified exclusively in infectious conditions (Facincani et al. 2013) . Therefore, all this set of proteins expressed by Xac in the mesophyll of the leaves tend to shift to a common location, eventually resulting in the increase in density that initiates the Fig. 3 Growth curves. Profile analysis curves for the reactivation of the growth of the wild-type (WT) and the mutant (ΔpstB) strains after inoculation in planta processes of quorum sensing and biofilm formation, a step essential for the spread of the bacteria. These characteristics of pathogenesis stress the importance of chemotaxis in virulence and pathogenicity, corroborating the data of Malamud et al. (2011) that analyzed the phenotype of mutants defective for the synthesis of flagellum.
Another fact that stands attention to our database of proteome in infective condition would be the detection of the protein flagellin encoded by gene fliC (XAC1975). Flagellin, the major subunit of the flagellum, is an archetypical elicitor molecule perceived by a variety of plant species, therefore receives the rating of microbe-associated molecular pattern (MAMP).
The 22-amino acid sequence (flg22) of the conserved Nterminal part of flagellin is well known for activate plant defense mechanisms (Naito et al. 2008) . Flagellin/flg22 recognition by plants has been assigned to a single protein-FLS2, a leucine rich repeat-LRR (Felix et al. 1999) . Besides the important role in shifting and membership within the process plant, the scourge could trigger through flagellin a defense response of the plant, since it has the respective protein recognition Flg22. A previous study has reported that Fig. 4 Putative Xac PhoP/B regulon and TFBP motif. a Determination of the putative PhoP and PhoB regulons in Xac using the PePPER tools (de Jong et al. 2012 ). E. coli strain K12 (EcK12) and B. subtilis strain 168 (Bs168) were used as references. The blue scale represents the degree of homology between the promoter region of the reference and of Xac promoter regions. The proteins that were expressed/detected in the proteome analysis are presented in red. b The putative PhoB/P TFBP DNA motif that was determined in the Xac genome utilizing the PePPER program. The abscissa is the number of bases of each putative TFBP. c, d
The ordinate is the number of total of promoter sequences that were analyzed, with the respective number of unique promoter genes between parentheses. Note that the degree of conservation in the motif that allows binding of PhoB using as reference the homologous sequence in the genome EcK12. This degree of conservation is such that to identify exactly what the two binding sites of the dimer of PhoB the gene fliC is positively regulated by the protein FlhF (flagellar biosynthesis regulator) and negatively by FlgM (negative regulator of flagellin synthesis-XAC1989) (Yang et al. 2009 ). Interestingly, the expression of FlhF in our study during infective condition accompanies the profile of the synthesis of flagellin, and both are run counter to the expression of FlgM, not detected in any condition profile. This result demonstrates that the synthesis and regulation of the flagellum in association with all other related proteins found are critical to the efficiency of the infectious process.
Phosphate uptake and metabolism
In addition to carbon and nitrogen, phosphate is the third chemical element that is essential for the growth of microorganisms. In organisms such as E. coli, phosphorus can be internalized in three ways: (i) as inorganic phosphate, which can exist as free inorganic phosphate (P i ), pyrophosphate (PP i ), or metaphosphate (Poly-P i )-the latter two forms are generally cleaved in the periplasm of the bacteria by the alkaline phosphatase enzyme; (ii) as organophosphates that are biodegradable after internalization, preferably forming glycerol-3-phosphate; and (iii) phosphonates that occur primarily in the form of phospholipids (Wanner 1993) . In any of these forms of internalization, two major protein systems are involved in the process: the low affinity phosphate inorganic transport (Pit) system and the high affinity phosphate-specific transport (Pst) system (Willsky and Malamy 1980) . Pit is a constitutively expressed secondary transporter consisting of a single transmembrane protein, where the phosphate transport is mediated by the proton motive force across the cell membrane (Rosenberg et al. 1982) . Pst corresponds to a protein complex such as ABC transporter, composed by a phosphatebinding protein located in the periplasmic space, two cytoplasmic associated proteins that contain six membrane spanning helices and a dimeric ATP-binding protein (Cox et al. 1981) . Differently of Pit, Pst is a phosphate starvationinducible complex, therefore, it is regulated by a twocomponent system coded by phoRB genes (Kim et al. 1993) .
Xac have the pitA gene (XAC1711) encoding the Pit system protein. This gene is downstream of pitX gene encoding an accessory protein of the Pit system. Although pitA has not been detected in any evaluated condition, which may be related to the fact that a transmembrane protein (similar to PstA and PstC, see below), its accessory protein was detected in all conditions evaluated. This allows us to infer that in Xac, this system would also have constitutive activity (Rosenberg et al. 1977) , since the high concentration of P i present in the culture medium is readily available for internalization by Xac probably using this system. However, as observed in other pathosystems, the expression of proteins related to the acquisition of phosphate and polyphosphate synthesis via Pst system in Xac seems to be directly related to the lack of these compounds within the plant, since the nutritional deficiency is the main factor leading to expression of this set of proteins restriction justified because P i is also necessary in the plant for activities related to cellular metabolism.
The regulation of the genes that are involved in the internalization and metabolism of phosphate involves a twocomponent systems, including the sensor proteins PhoR and its respective transcriptional regulator PhoB (Wanner 1993) . Among the genes that comprise the putative PhoB regulon in Xac are detached specific genes associated with P i internalization (pstSCAB), that constitute the complete Pst system. Interestingly, the proteins PstA and PstC, the integral proteins, were not detected in proteomes that reflect the infectious process, probably by its cellular location. The expression of porins paralogous (OprO), alkaline phosphatase (PhoA), phosphate-binding protein (PhoX), exopolyphosphatase (Ppx), and polyphosphate kinase (Ppk) parallel to the proteins that are part of the Pst system during the infection process would justify a more efficient way to internalize phosphate in the medium under conditions of nutritional deficiency, and store it in the form of polyphosphate. Importantly, these alkaline phosphatase activity could also increase the uptake of Pi derived from organophosphates, in parallel, allowing the acquisition of carbon sources, such as glycerol, glucose, and mannose (Fig. 2) .
The XAC4299 protein (conserved hypothetical protein) was reannotated in this study as an ATP-binding protein that is homologous to the putative cytoplasmic ATP-binding protein of Xcv (94 % similarity). The protein was also detected in extracts obtained at 3 DAI. This ATP-binding protein may be homologous to PhoH, which has the predicted function of an ATPase, is induced by phosphate starvation, and belongs to the phosphate regulon (pho) in E. coli (Lamarche et al. 2008 ). The protein is also controlled by the following two promoters: the P1 promoter, which was induced by phosphate limitation and is dependent on PhoB (as showed at proteomes), and the constitutive P2 promoter (Danhorn et al. 2004) .
Although phoBR is the main TCS involved with the acquisition and storage of phosphate, other potential TCS could also have this function in Xac, PhoPQ. PhoQ is a sensor protein and PhoP is the transcriptional regulator, both controls expression of a network of genes involved in the survival of several gram-negative pathogens, including synthesis and regulation of genes related to phosphate uptake and metabolism (Fig. 5) .
XacΔpstB mutant
In plant pathogens such as Agrobacterium tumefaciens, the limited availability of phosphorus increases biofilm formation (Danhorn et al. 2004 ). This phenomenon was also observed in Xac because the formation of this exopolysaccharide matrix is essential for the induction of virulence when the bacteria come in contact with the plant tissue. The limited amounts of these compounds in the plant may induce quorum sensing, impact the subsequent formation of biofilm, and influence the characteristics of virulence. Genes that provide concatenated are identified by their respective identifiers Xac. Arrows highlight white color genes that showed no binding sites for regulatory proteins and green genes could be triggered by both PhoP as PhoB. In addition to genes deemed to be concerned with internalization and metabolism of Pi, draws attention the number of proteins involved in ABC transporters Fig. 6 Steps involved in colonization and biofilm formation in Xac process. Distinct signs of the plant could enable scourge. Flagellar movements could trigger swimming, favoring a possible shift to the interior of the plant, or swarming type, which would initiate the process of formation of mature biofilm from planktonic cells. The low phosphate concentration also would signal, among other biological events, the biofilm formation, reinforcing the importance of this biological event in the colonization of host tissues to cancer induction. Blue lines highlight the possible relationships involving internalization and storage of phosphate with processes known to contribute to the virulence of bacteria of the genus Xanthomonas These results were not observed in the XacΔpstB strain (Fig. 2b ) because all the Pst system appears to have been compromised by the loss of one of the components of the ABC system. Thus, storage in the form of polyphosphate has been compromised and therefore all the possible relationships of this compound with the bacterial cell physiology as well (Fig. 2a) . The reduction in at least two scales of curve reactivation of the pathogen demonstrates this effect well. In mutant XacΔpstB, it is possible that only the Pit system is operating and due to the low substrate affinity, intracellular supply of phosphate would be reduced, limiting thereby the bacterial titer within the plant, essential for the induction of virulence.
Pho regulons and Pho TFBSs analysis
Among the 24 genes that have promoter region with PhoP binding site, 16 proteins encoded by these genes were identified in the proteomes investigated. Of these, six were expressed in the four conditions investigated, while only seven were expressed only in infective condition: MexAB, involved in multidrug efflux; FruR, a repressor of fructose; MetB, involved in amino acid metabolism; GumD, which participates in the synthesis of starch xanthan; PhoB, the sensor protein of the two-component system; and PhoA, an alkaline phosphatase. This indicates little influence of this Xac regulatory protein in response to variation in phosphate concentration in the medium, which accounts for the low conservation of PhoP TFBS identified from homologous sequences in the genomes of EcK12 and Bs168 (Fig. 4a, b) . On the other hand, seems to regulate several genes with diverse functions, including synthesis xanthan gum (GumD), amino acid metabolism (MetB, ArgD, and ThrA), purine and pyrimidine metabolism (RutE, PurD, and PurH), membrane proteins (TolC), involved in stress response (SmeR), and the multidrug effluxes (MexBA) system.
With respect to the regulon PhoB of the 17 genes that showed the promoter region with a possible binding site of this regulatory protein, only Eda protein involved in the conversion of glucose-6-P glyceraldehyde-3-P and pyruvate was observed in all conditions investigated, while 8 other proteins were identified exclusively in proteomes that reflect the infectious process. These proteins coincide with part of the specific phosphate transport system (PstS and PstB) proteins related to the regulation of phosphate metabolism (PhoU and PhoH) including the two-component system (PhoRB). This allows us to infer the self-regulation of this system, as well as proteins related to exclusive ABC transporters for sugars (UgpC) and release of lipoproteins (YcfV) system.
In this case, note that PhoB rather than PhoP had the most significant influence on the regulation mediated by changes in phosphate concentrations. Likewise, this finding supports a higher degree of conservation of TFBS identified PhoB in Xac, enabling it to be accurately detailed possible binding site of the homodimer PhoB the regulatory region of these genes (Fig. 4a, b) .
This profile of protein expression in infectious conditions, probably induced by regulatory proteins PhoB and PhoP, allowed to trace a hypothetical network of gene activation mediated, showing how important it is for a dynamic and phosphate metabolism to maintain the bacterial activity (Fig. 6) .
Thus, all proteins involved in the uptake and storage of phosphate system become popular for combating pathogen targets, since the loss of this system reduces the activity induced by this pathogen virulence, as was observed here in the presence of mutant XacΔpstB.
